Protein supplement use is common among athletes, active adults, and military personnel. This review provides a summary of the evidence base that either supports or refutes the ergogenic effects associated with different mechanisms that have been proposed to support protein supplementation. It was clear that if carbohydrate delivery was optimal either during or after an acute bout of exercise that additional protein will not increase exercise capacity. Evidence was also weak to substantiate use of protein supplements to slow the increase in brain serotonin and onset of central fatigue. It was also evident that additional research is warranted to test whether the benefits of protein supplements for enhancing recovery of fluid balance after exercise will affect subsequent work in the heat. In contrast, with repeated exercise, use of protein supplementation was associated with reductions in muscle soreness and often a faster recovery of muscle function due to reductions in protein degradation. There was also good supportive evidence for long-term benefits of protein supplementation for gains in muscle mass and strength through accelerated rates of protein synthesis, as long as the training stimulus was of sufficient intensity, frequency, and duration. However, studies have not examined the impact of protein supplements under the combined stress of a military environment that includes repeated bouts of exercise with little opportunity for feeding and recovery, lack of sleep, and exposure to extreme environments. Both additional laboratory and field research is warranted to help provide evidence-based guidance for the choice of protein supplements to enhance soldier performance.
Introduction
Athletes and recreationally active adults commonly cite an increase in muscle mass, improved exercise recovery, and improved exercise capacity as reasons for use of protein supplements (1,2). Given the physical and cognitive demands experienced during military training and deployment (3, 4) , it is equally common that active duty personnel report frequent use of protein supplements (5) .
Marketing efforts assure consumers that protein supplements will act through $1 of the following mechanisms to produce the desired performance outcomes: 1) To reduce endogenous carbohydrate oxidation during prolonged exercise, thereby increasing exercise capacity; 2) To hasten the recovery of muscle glycogen stores reduced during previous exercise, thereby increasing exercise capacity during subsequent prolonged work; 3) To influence exercise capacity via a central mechanism that limits the increase in brain serotonin and thereby delays sensations of fatigue; 4) To enhance fluid retention during and/or after exercise in the heat to promote greater evaporative cooling during subsequent exercise; 5) To reduce rates of protein degradation after exercise, leading to less muscle soreness and a faster recovery of muscle function; 6) To hasten the accretion of myofibrillar and mitochondrial protein during training, thereby returning faster and greater increases in muscle strength and aerobic and anaerobic power.
This review summarizes the evidence-based support for each of these proposed mechanisms as it relates to the purported functional outcomes and their relevance to military personnel.
Reduce Endogenous Carbohydrate Oxidation to Increase Exercise Capacity
Because the addition of protein to a carbohydrate drink consumed during prolonged exercise should potentiate the plasma insulin concentration (6), Ivy et al. (7) initially proposed that exercise capacity would be improved by promoting a greater uptake and oxidation of exogenous carbohydrate rather than endogenous glycogen use. They reported a 36% increase in cycling time to exhaustion at 85% maximal oxygen consumption ( _ VO 2 max) 4 with ingestion of a protein and carbohydrate 200-mL drink every 20 min during intermittent cycling for 3 h compared with the ingestion of carbohydrate drink alone. Cycle time to exhaustion increased >100% for the protein and carbohydrate trial compared with placebo. However, rates of exogenous carbohydrate delivery were equivalent to 46.5 g Á h
21
, which were less than optimal rates of $1 g Á min 21 (8) . van Essen and Gibala (9) contested the findings by Ivy et al. (7) and subsequent work by Saunders et al. (10) , which suggested exercise capacity was improved when protein was added to a carbohydrate drink. The authors (9) provided welltrained cyclists with 1 g Á min 21 of carbohydrate, alone or with additional protein, or placebo during a simulated 80-km time trial. They found that exercise times for the carbohydrate and carbohydrate+protein trials were identical and significantly faster compared with the placebo condition. These authors concluded that adding protein to a carbohydrate drink provided no ergogenic benefit to trained cyclists if the amount of carbohydrate consumed was at an optimal rate for exogenous carbohydrate oxidation.
Several other studies have reported conflicting findings on the possible ergogenic effect of protein supplements when combined with a carbohydrate beverage during time trials or tests to exhaustion. Table 1 provides a summary of the findings from these studies, which are grouped according to suboptimal or optimal delivery rates of exogenous carbohydrate.
It is clear that the additional energy content of protein supplements can provide an ergogenic effect during an acute bout of exercise when delivery of carbohydrate is less than optimal (7, (10) (11) (12) (13) (14) . However, it was also clear that when carbohydrate supplementation was delivered $1 g Á min 21 , protein supplements provided no further ergogenic effect, regardless of the performance metric that was used (9, (15) (16) (17) (18) (19) (20) . The exceptions to these latter findings were a study by Saunders et al. (21) , who reported an improvement during the late stages of a 60-km time trial, although the interpretation of these data has been challenged (19, 22) , and improvements with carbohydrate+protein in participants unaccustomed to performing exercise tests to exhaustion (23) .
Several studies discussed the possibility that the addition of protein to carbohydrate during exercise altered muscle metabolism by slowing the rate of muscle glycogen degradation and maintaining energy turnover of Krebs cycle intermediates but failed to provide any evidence to support these suggestions (7, (10) (11) (12) (13) 18, 21, 24) . In contrast, the only study that directly assessed these proposed mechanisms failed to support this rationale for additional protein supplementation when delivery rates of carbohydrate were optimal (25) .
For military personnel, therefore, there is little scientific evidence to justify the use of protein supplements to enhance sustained physical efforts for prolonged periods if a sufficient exogenous carbohydrate source is available. However, in the absence of optimal rates of exogenous carbohydrate availability, protein supplements may provide an ergogenic advantage. The recent efforts to test protein supplementation with reduced caloric drinks (11) (12) (13) warrant further investigation to verify the proposed mechanism(s) responsible for the ergogenic response. Conditions may exist for military personnel where optimal exogenous delivery of carbohydrate is not an option. Under these situations, protein supplements may be advantageous. It must also be noted that in contrast to athletes, soldiers do not usually perform time trials or tests to exhaustion alone but rather work as a unit to accomplish their mission. As a result, one could question the relevance of the metrics used in the exercise sciences literature for the transfer of knowledge to the military community. Nevertheless, the provision of an exogenous carbohydrate supplement has been shown to enhance both physical and cognitive performance of soldiers during fieldtraining exercises (26) (27) (28) , so the use of protein supplements might be considered if carbohydrate delivery is suboptimal.
Hasten the Recovery of Muscle Glycogen Stores and Subsequent Exercise Capacity
Because initial muscle glycogen amounts are a critical factor for determining exercise capacity (29) , it would seem logical to study whether an intervention strategy that increases the rate of muscle glycogen synthesis during recovery from a prior bout of exercise improves exercise capacity during a subsequent time trial or time-to-exhaustion test. Zawadzki et al. (6) demonstrated that higher plasma insulin concentrations and a faster rate of muscle glycogen repletion followed 2 h of cycling exercise when a carbohydrate and protein supplement was ingested compared with ingestion of either supplement alone.
Although they were not the first to report an ergogenic effect, Ivy et al.Õs laboratory (30) 21 Á h 21 , for replenishing muscle glycogen before cycling to exhaustion at 85% of _ VO 2 max. Cycle time to exhaustion was increased 55% with the prior ingestion of carbohydrate+protein, which substantially increased rates of muscle glycogen repletion during recovery. The authors suggested that these higher muscle glycogen amounts at the beginning of the test to exhaustion could account for the longer exercise times with the carbohydrate+protein. However, muscle glycogen amounts were not measured after the ride to exhaustion to verify whether rates of glycogen use during the test and at exhaustion were similar.
Due to its carbohydrate and protein composition, the use of low-fat chocolate milk as a low-cost alternative to commercially prepared recovery supplements has also been studied (31) (32) (33) (34) (35) . The outcomes from these investigations together with the findings from the others that were grouped into this section are summarized in Table 2 . Remarkably, of all the studies reviewed only 4 directly measured rates of muscle glycogen restoration during the recovery period before a subsequent exercise test (30) (31) (32) 36) , and only the study by Berardi et al. (36) obtained a final measure of muscle glycogen after the exercise test to compare rates of utilization among the treatment conditions. Their data revealed that rates of muscle glycogen utilization and exercise performance during a 60-min time trial were unaffected with the addition of protein to the recovery beverage despite differences in the rate of glycogen restoration. In addition, some studies used exercise tests that were unlikely to cause large reductions in muscle glycogen and/or included a subsequent short test of exercise capacity that was unlikely limited by initial glycogen amounts (32, 34, 37) . As a result, these studies were not designed adequately to test whether protein supplements affected exercise capacity via a mechanism related to glycogen restoration after an acute bout of exercise before a subsequent endurance test.
The study by Williams et al. (30) , as well as a subsequent one by Saunders et al. (10) , provided suboptimal delivery of carbohydrate during the recovery period (<1.0 g Á kg 21 Á h 21 ) (38-40), and thus the additional energy content of the carbohydrate+protein recovery drink could have affected the findings. In contrast, when optimal rates of carbohydrate were provided over a 2-4-h recovery period, no ergogenic effects on subsequent exercise capacity with the addition of protein have been observed (17, 34, (41) (42) (43) (44) (45) (46) .
Recovery from the physical demands of urban tactical assault and prolonged load carriage is of critical relevance for the soldier. However, the high operational tempo during deployed operations often means that recovery periods are not scheduled in advance, as they are for the athlete. As a result, any tactic that can hasten the recovery of the functional capacity of the skeletal muscle would be of strategic relevance for the soldier. This would include the use of protein supplements, especially if the delivery of carbohydrate is not available at optimal rates.
Central Fatigue Hypothesis
Increased brain serotonin and decreased dopamine have been linked to depressed mood and motivation, lethargy, and reduced central nervous system drive (47, 48) . Given that serotonin and dopamine have limited transport across the blood-brain barrier, circulating free tryptophan, the precursor of serotonin, has been suggested as an indicator of brain tryptophan (49) . The amount of free tryptophan that crosses the blood-brain barrier is dependent on the concentration of other large neutral amino acids, such as the branched-chain amino acids (BCAAs), and tyrosine and phenylalanine, the precursors of dopamine (49) . It has been proposed that manipulating the circulating concentration of BCAAs with protein supplements can delay the onset of fatigue during prolonged exercise, especially in hot environments (50) . However, these latter findings have not been replicated (51) and increasing amounts of thermal strain are not related to altered permeability across the blood-brain barrier (52) (53) (54) .
Reduced sensations of fatigue and improved cognitive function have been reported after BCAA supplementation during a 2-d continuous sailing race, but there were no effects on the physiologic responses throughout, such as heart rate or cortisol, or physical function tests of grip strength and vertical jump that were performed at the end of the race (55) . When sufficient carbohydrate was provided during exercise, additional supplementation with BCAAs has not been associated with increased exercise capacity (15, 56) . For military personnel, the physical and cognitive impairments associated with sustained operations (3, 4) can be reduced with the administration of tyrosine or carbohydrate (27, 28, 57) , but consistent evidence to support the use of protein supplements is lacking.
Recovery of Fluid Balance
The addition of protein to a carbohydrate electrolyte drink or the use of milk is associated with greater recovery of fluid volume after exercise that is accompanied by an ;2% loss of body mass (58, 59) , even when the energy and electrolyte compositions of the protein and carbohydrate drinks are matched (60) . The mechanism accounting for the improved fluid retention has not been definitively documented, although it has been suggested that the protein slows the absorption of fluid and reduces the large changes in vascular volumes during periods of rehydration that stimulate urine production (59, 60) . However, long-term manipulation of daily protein intake from 0.8 to 3.6 g Á kg 21 Á d 21 had no effect on fluid balance (61) , and when water is provided during the prior exercise bout, or the reduction in body mass is small, no effect on fluid balance has been reported with the use of protein+carbohydrate drinks during recovery (33, 35) .
To date, only 1 study has evaluated whether this greater fluid retention after dehydrating exercise with the use of low-fat milk would be of benefit during subsequent exercise performance in the heat (62) . In this study, participants exercised in a warm, humid environment to lose ;2% of body mass and then recovered in a thermoneutral environment for 4.5 h. During the initial 1.5 h of recovery, either a carbohydrate-electrolyte drink or low-fat milk equivalent to 150% of the fluid lost was consumed. At the end of the recovery period, participants then exercised to exhaustion in the warm, humid environment at 60% of _ VO 2 max. Rehydration with milk resulted in a more positive restoration of fluid balance of 0.4% of body mass, but exercise time to exhaustion was similar between conditions at ;40 min. Interestingly, both thermal and cardiovascular strain were elevated at rest and throughout the performance test after rehydration with milk, but these differences did not affect performance. Certainly this study needs to be replicated because the increase in thermal strain at rest has implications for the soldierÕs tolerance while wearing protective clothing, which severely restricts evaporative heat loss (63) . It is also worth noting that the increased serum osmolality that was observed during recovery with the ingestion of milk persisted during the subsequent exercise test. Montain and Coyle (64) observed that forearm blood flow, as a marker of skin blood flow, and heat loss were reduced during exercise in the heat when serum osmolality was increased. It is possible, therefore, that the elevated serum osmolality that accompanies the ingestion of milk during recovery may improve fluid balance, but this same increase in osmolality may subsequently impede heat transfer during exercise.
During current theaters of operation in the hot environments of the Middle East, soldiers require large volumes of fluid ingestion throughout the day to counter fluid loss through sweating (65) . Currently, it is not known whether the improvements in fluid balance with the use of protein supplements during recovery would provide a benefit to the soldier. Additional research is certainly warranted, but these studies should examine the impact of supplementation on the recovery of fluid balance during repeated exercise bouts throughout the day with restricted durations of recovery.
Reduce Muscle Soreness and Improve Recovery of Muscle Function
An acute bout of unaccustomed exercise, especially one involving an eccentric loading phase on the muscle such as would occur during heavy resistance training, causes damage to the contractile protein and increases muscle soreness that can last for several days and impair muscle function (see reference 66 ). An acute bout of exercise also increases rates of protein synthesis and degradation (67) , creating a condition of negative protein balance without nutrient feeding (68, 69) . In theory, the provision of protein during the recovery period after exercise should promote a more favorable anabolic state in the skeletal muscle (32, 70) , promoting greater rates of protein synthesis rather than protein breakdown (71, 72) , with reduced indicators of muscle damage and improved recovery of muscle function.
Many of the articles discussed above for the recovery of muscle glycogen stores also included measures of plasma creatine kinase (CK), as an indirect measure of myofibrillar protein damage, and ratings of muscle soreness after an initial bout of exercise and before a subsequent performance test performed within 24 h. However, as summarized in Table 3 , the findings are equivocal. For example, both an increase (10, 18) and no change (17, 34, 43, 45) in subsequent performance have been reported together with reductions in muscle soreness and/or lower CK concentrations with carbohydrate+protein compared with the use of a carbohydrate supplement. Still others reported no difference in CK concentrations between treatments yet either an improvement (14) or no change (19) in subsequent performance with carbohydrate+protein, or no change in indicators of muscle damage or subsequent performance with a carbohydrate+pro-tein supplement (25) . As shown in Table 3 , regardless of whether carbohydrate+protein supplementation occurred during an initial bout of running or cycling exercise immediately after the exercise or during several hours of recovery, the majority of these studies reported no relation between ratings of muscle soreness and indirect markers of muscle damage and subsequent tests of muscle function conducted within 24 h. Additionally in this category, studies have examined the effects of protein supplementation alone or in combination with carbohydrate on the recovery of muscle strength after a bout of eccentric or long-duration exercise, where the recovery usually has been greater than the 24-h period that has followed cycling or running exercise discussed above. As also summarized in Table 3 , the findings from the majority of these studies are also consistent in that the ingestion of protein supplements do not confer an advantage to hasten the recovery of muscle function (73-81), although often ratings of muscle soreness have been reduced (74, 79, 82, 83) .
For those studies that have examined the effects of protein supplementation for extended periods after repeated bouts of exercise, ratings of muscle soreness and indirect markers of muscle damage appear to be reduced before and/or after exercise with the use of protein supplements (44, 70, (84) (85) (86) (87) , but once again these changes are not always reflected directly with changes in performance (70, 85, 86, 88) .
For military personnel, protein supplementation provided no advantage compared with carbohydrate for the recovery of muscle function after a road march with an additional 25-kg load (80) ; but interestingly, the long-term effects of protein supplementation during the 54-d Marine Corps recruit basic training program revealed reductions in muscle soreness after road marches and fewer medical visits for infections, joint problems, and cases of heat exhaustion (84) . Because the protein supplement was ingested every other day immediately after periods of physical training, the reduction in cases of heat exhaustion is consistent with the improved recovery of fluid balance discussed above. It should be noted that the use of surrogate markers of muscle injury, such as changes in plasma CK, are poor indicators of the damage to the contractile protein (66) . Instead, studies are needed that relate direct measures of myofibrillar disruption to measures of muscle function (89, 90) . In addition, research is warranted that links the time course for the changes in protein synthesis and associated anabolic signaling after exercise with supplementation (31, 32) to changes in muscle function. Although the current evidence does not provide unequivocal support for the use of protein supplements to hasten the recovery of muscle function, the positive effects of long-term supplementation for Marine recruits (84) certainly warrant further study.
Promote Greater Increases in Muscle Strength and Aerobic and Anaerobic Power
There is clear evidence that supports the benefits of protein ingestion either immediately before (91), during (92) , or within the first few hours after (69,93) resistance exercise to promote increased rates of muscle protein synthesis. However, it is not as clear whether these changes translate into greater increases in muscle mass and strength. A summary of the findings from studies examining the efficacy of protein supplementation during resistance training is presented in Table 4 .
One issue that clouds the interpretation of the findings is the recruitment of untrained versus regularly active participants. The influence of neural adaptations during the early stages of a resistance-training program (94) would be expected to affect measures of muscle strength, especially with naive participants, regardless of supplementation. In addition, the minimum training stimulus required to induce a measurable phenotypic change is not known, although programs lasting <8 wk with fewer than 4 sessions/wk failed to observe benefits with supplementation (95) (96) (97) . In contrast, as the number of weekly training sessions increases or the duration of the training program extends beyond 8 wk, some positive effects of supplementation on changes in body composition and muscle strength have been reported in naive participants (98) (99) (100) (101) (102) (103) , a view that is consistent with findings from a recent meta-analysis (104). The exception was 1 study that reported no effect of protein supplementation after 12 wk of training 3 times weekly (105) . Even with experienced resistance-trained participants, protein supplements had little or no effect on measures of strength and body composition when programs lasted #4 wk (106-108), whereas positive effects of protein supplements were observed on changes in lean mass and/or muscle strength when training was longer than 8 wk (109) (110) (111) (112) (113) (114) .
Studies also have examined whether the type of protein supplement influenced outcome measures differently. Similar improvements in lean mass and strength were observed with whey and soy (98, 109) , greater changes noted with the ingestion of whey isolate versus casein (111) , and larger improvements when casein (114) or BCAAs (110) were combined with whey. However, dietary records were reported to change throughout the program or were not always collected, thus weakening the interpretation of the findings from several of these studies (109, 111, 114) . Findings also revealed that carbohydrate added to the protein supplement, whether as whey isolate (112) or 
1828S Supplement low-fat milk (99, 100, 115) , had little effect on the changes in muscle protein accretion after a resistance-training program lasting several weeks. Muscle mass and leg and back strength are important determinants of load-carriage ability (116) , which is a critical task that affects both the physical and cognitive function of the dismounted soldier (117) . Resistance training has also been shown to improve load-carriage performance (116, 118) , so it might seem logical for soldiers to consider the use of protein supplements during their normal training to optimize the gains in muscle mass and strength. However, to date, the benefits of protein supplementation during military training have been equivocal (84, 119) . One topic, beyond the scope of this review but most relevant for the casualties returning from the battlefield, is the role of protein supplementation during bed rest, recovery, and rehabilitation from injury (120) .
Military personnel do not restrict training to either endurance or resistance exercise but instead require training strategies to augment both aerobic and anaerobic power as well as muscular strength. In theory, therefore, the use of protein supplements could assist with the diverse training adaptations required by the soldier.
There are far fewer studies that have examined the effects of protein supplementation during aerobic training or during activities that require a combination of aerobic and anaerobic power for success. The limited information that is available reveals that protein supplementation after the training sessions can lead to faster gains in _ VO 2 max during the first several weeks of aerobic training for previously untrained participants (121) or greater gains in aerobic and anaerobic power during the season for experienced athletes (122) (123) (124) . Additional research is warranted to elucidate the mechanism(s) involved in these large improvements in _ VO 2 max and other metrics of aerobic and anaerobic performance that have been observed after only 4-6 wk of protein supplementation. Protein supplementation may be advantageous, therefore, during the early periods of recruit training to enhance the adaptations in aerobic fitness for previously sedentary recruits, as well as to reduce injury and incidence of heat exhaustion (84) .
In summary, the use of protein supplements among athletes and recreationally active adults is quite common due to their belief that these supplements will improve their performance through a host of different possible mechanisms that have been proposed. This review has attempted to summarize the evidence base that either supports or refutes the 6 different mechanisms that have been tested. The evidence is certainly consistent that if optimal carbohydrate delivery is available both during and/or after exercise, then additional protein supplementation will not enhance exercise capacity. The evidence is also not strong to support the use of protein supplementation to alter the influence of brain serotonin in its role in central fatigue. Additional research is warranted to test the efficacy of the impact of protein supplementation on the recovery of fluid balance and these effects on subsequent work in the heat. In contrast, the evidence is more consistent that the use of protein supplements will slow the rate of protein degradation and increase the rate of protein synthesis after a bout of exercise, which, in theory, should speed the recovery of muscle function. In addition, there is consistent evidence to state that protein supplements will promote greater training adaptations in muscle mass and strength, as long as the training stimulus is of sufficient intensity, frequency, and duration. Protein supplements and performance effects 1829S
One of the problems in translating this evidence base for the benefit of soldiers is the complexity of their operational environment. With few exceptions (84) , the support for the use of protein supplementation has been generated under controlled laboratory conditions that are most relevant for athletes whose training sessions, competitions, and recovery periods are generally well defined and planned in advance. This situation may be somewhat similar for military personnel during periods when they are at their home base preparing for future deployments. However, once they are deployed, the operational tempo may not permit scheduled periods for feeding and recovery. The combined stressors of their environment include repeated bouts of exercise with short recovery periods, lack of sleep, and exposure to extreme environmental conditions (3, 4) . To date, studies have not examined the impact of protein supplements under these integrated stress environments, and both laboratory and field research is warranted. One experimental model that is somewhat similar to soldiersÕ theater of operations is that of the adventure racer (125, 126) , where it is the team and not the individual that is the measure of success or failure.
Practical Recommendations
On the basis of the evidence reviewed, the following practical recommendations could be considered for active duty military personnel: 1) During recruit training, the use of protein supplements could hasten training adaptations and reduce the incidence of muscle soreness and injury; 2) Protein supplements could hasten adaptations during periods of increased strength and endurance training that occur in preparation for deployment; 3) With increased operational tempo during deployment, protein supplements could help maintain exercise capacity if carbohydrate supplements are reduced or not available and promote greater fluid balance during sustained work efforts in hot environments; 4) During the early stages of postdeployment reintegration, protein supplements could help promote greater returns in muscle strength through regular training programs.
